used for the diagnosis of hemolytic disease. A small, semiportable, easy-to-operate CO instrument was developed at Stanford University and tested at 12 Neonatal Research Network Centers of the National Institute of Child Health and Human Development. A syringe pump delivers 7.7 mL of sample per minute through an activated carbon filter to an electrochemical (EC) sensor having a sensitivity of 0.10 ± 0.01 V per 1 LiL CO in air. The electronically processed sensor signal is displayed on a digital muttimeter. For a typical end-tidal CO measurement, corrected for inhaled CO, three 10-to 12-mL breath and room air samples are manually or mechanically collected and analyzed. CO determination in breath samples from 108 healthy, 1-day-old infants of nonsmoking mothers compared favorably with determinations by gas chromatography (GC), 1. Here we describe this EC-CO instrument and discuss its design principles, operating conditions, and applications.
bin dissociates in the lungs and the CO is exhaled. The rate of CO production can be determined by measuring the rate of total body CO excretion (6) or more simply estimated by measuring the CO concentration in endtidal breath (ETCO) (7) of subjects at physiological equilibrium. ' 6 In contrast to measurements of CO in blood, measurements of CO in breath are noninvasive indices of the rate of heme degradation and bilirubin production (8) .
At Here we describe this EC-CO instrument and discuss its design principles, operating conditions, and applications.
Materials and Methods

Human Subjects
The use of human subjects for this study was approved at all 12 for its low temperature coefficient; its geometry has been described in detail (15).
In summary, the sensor consists of three electrodes immersed in a liquid electrolyte.
The most important of these is the working electrode, which consists of platinum black deposited on a membrane of porous Teflon. The CO diffuses through the membrane and is oxidized on the platinum black surface in contact with electrolytes. The transfer of electrons that accompanies the chemical redox reaction flows from the working electrode through an external circuit, and constitutes the output signal of the sensor. A reference electrode indicates the potential of the electrolyte. The reference electrode is normally protected from exposure to the sample gas, so that its potential is always the same relative to the electrolyte. Also, no current is allowed to flow through the reference electrode to change its relative potential.
The current flowing through the working electrode is compensated by the third electrode, a counterelectrode through which an equal and opposite current flows. The output of the CO sensors was specified by the manufacturer as 0.3-0.6 pA per 1 p1d1.4 CO. The development phase for the technologr described was carried out at Stanford University.
The equipment was subsequently supplied to each of the 12 participating Centers of the NICHD Neonatal Network to measure bilirubin production in well, term neonates (12). Each instrument was calibrated daily with 10.0 pilL CO in air (Scott Specialty Gases). The detection limit of the instrument for CO is 0.1 ILIIL, with a noise level of ±0.01 41L.
Breath Sampling
Triplicate samples of breath were drawn with an auIomated breath sampler as follows: A 40-cm 5-French catheter (Accumark; Concord Lab., Keene, NH) was inserted 2.0 cm into the anterior nares and taped in place. The other end was attached to a 12-mL syringe (Monoject; Sherwood Medical, St. Louis, MO) in a reverse-syringe pump, especially modified for this purpose. The operation of this pump was controlled by a rechargeable battery-powered controller. A heat-sensing thermistor probe, taped below the nostril, sent a signal to the controller upon exhalation. After a delay of -0.1 s, the syringe pump was activated to withdraw a 0.2-mL sample of breath. Successive 0.2-mL samples were collected until three 12-mL syringes were filled. Three additional syringes were filled manually with room air. The syringes were sealed with polyolefin tip caps (Monoject).
Collected samples were analyzed within 30 mm or kept on ice until analysis within 3 h because the rubber syringe plunger leaches CO into the sample (5).
Sample Analysis
The samples collected from neonates were analyzed with the EC-CO instrument as follows: The instrument baseline was adjusted daily to 0.00 V through analysis of 10 mL of zero-CO gas (in triplicate) followed by triplicate analysis of 10 mL of CO calibrator (10.0 pLIL in air). A new analysis was begun when the signal had decreased to 0.10 V. Calculations were based on the last readout for the calibrator.
After this calibration, the instrument was manually purged with 10 mL of zero-CO air, followed by analysis of 10 mL of room air samples (HA) and finally of 10-mL breath samples. For ETCOc calculations, the lowest of the triplicate values for HA was selected, based on the assumption that the higher values were for samples contaminated with (e.g.) the sampling person's breath. In contrast, we selected the highest breath sample value for ETCO, to exclude dilution of breath by HA (11). The ETCOc was calculated as follows (7):
For determination of noise, drift, and rise and fall times, the detector output was monitored with a stripchart recorder (Model 4510; Houston Instruments, Austin, TX) at 1 cm/mm and 2 V full-scale.
The sensitivity of the sensor to the flow rate of the sample was determined with a variable-speed infusion pump (Model 975; Harvard Apparatus, Dover, MA) and a 50-mL syringe.
Other Methods
Gas chromatography (GC)
. The 2 mL of sample remaining in each syringe after analysis by EC-CO was analyzed by GC (5) to evaluate the accuracy of the EC-CO method. Samples were injected into a 100-pL loop attached to the GC injection valve or 100 tL of sample was injected with a gas-tight syringe into a septumsealed vial. The CO in the sample loop or vial headspace was then injected into the GC with a Reduction Gas Detector (Model RGA3; Trace Analytical).
The CO was separated from other compounds (e.g., H2) on a 50-mn molecular sieve column [80 x 0.22 cm (i.d.), 60-80 mesh] at 125#{176}C with a carrier gas flow rate of CO-free air of 35 mLfmin. The instrument was calibrated before and after each run with CO and H2 gases.
The retention times for 112 and CO were 0.3 and 0.5 mm, respectively.
The GC response to mixtures of CO and H2 in air was linear up to 40 and 200 pilL, respectively, with detection limits at 50% of the noise level of 0.01 and 0.3 pL/L, respectively.
Calculations. Data are presented as mean ± SD, CV, and range (minimum-maximum). 
Results
The technical specifications of the EC-CO instrument are given in Table 1 .
From prior experience with manual sampling, we had determined that three 12-mL breath samples could be collected from neonates relatively easily. The instru- 
H2, 50 pilL (F).
The CO sensor response was recorded with an analog recorder at a chart speed of 1 cni/min arid 2 V full-scale. 
Physical dimensions, w x d x h
Weight ment response to sample (10 tLfL, CO in air) flow rate is shown in Fig. 2 . The selection of a syringe pump motor that delivered 7.7 mLlmin was based on the observation that the sensor required -50 s to reach >95% of maximum response for a 10-mL sample. The method of breath sampling and its efficiency (defined as the fraction of expired breath in the collected specimen, the remainder being contamination by inspired air) are integral components of the ETCOc value to be reported.
Therefore, we determined the sampling efficiency from the results of a separate experiment in which the breath of 20 healthy term neonates, <2-S h old, was sampled in triplicate with this method, as described above, and analyzed also for CO2 with an infrared analyzer, as described earlier (16). The mean ± SD (range) of the highest of three replicate CO2 measurements was 2.5% ± 0.5% (1.3-3.18%) .
The generally accepted ETCO2 value for a normal newborn population is 4.2% ± 0.5% (32 ± 4 mmHg) (17) , from which one can calculate the sampling efficiency of the breath sampler as 60% ± 12%. Using the mean CO2 concentration from the triplicate samples yielded a calculated efficiency of (2.4/4.2) x 100% = 57%. The mean CV for triplicate CO measurements for this population sample was 16% ± 7% (median 14%, range 5-34%).
The mean HA CO measured during The accuracy of the method was assessed by regression analysis of CO measurements made with the EC-CO instrument and with GQ in breath samples collected at four of the Network Centers from 108 neonates between 2 and 8 h postpartum (Fig. 4) . The respective measurements of ETCO by these methods were 2.0 ± 1.2 (0.4-9.6) and 1.9 ± 1.3 (0.2-9.8 ) ,uLw'L;the HA contained 0.5 ± 0.4 (0.1-2.2) and 0.6 ± 0.4 (0.1-2.4) pLIL CO, respectively.
The relative volumes of the activated carbon filter and the sample to be analyzed are important for discrete analysis.
We found that a small amount of CO is absorbed onto the charcoal when a large enough sample (-1.5 mL with the standard filter) passes through the filter. The length of the carbon column is directly proportional to the (breakthrough) volume needed for this equilibration (Fig. 5) . We did not investigate the effect of the carbon column diameter, but it too may affect the equilibration volume needed. EC-CO instruments are potentially sensitive to several oxidizable and reducible compounds. However, the clinical environment contains few of these compounds that are not trapped by activated charcoal. To determine the capacity of the standard filter, we slowly introduced isopropyl alcohol (800 mLIL) into the inlet of the standard filter while passing zero-CO air through it at a rate of 8 mL/min. The breakthrough of the isopropyl alcohol to the detector occurred when 200 L of the liquid had been passed into the filter.
H2 is an interferent (as mentioned by the manufacturer) that is not trapped by activated
charcoal.
We therefore determined the H2 sensitivity of several of the same model of Transducer Research sensors and found that the sensitivity of CO to H2 interference ranged from0%to52%withamean ± SDof2l% ± 14%(n = As expected, when the EC-CO instrument was used to determine ETCOc concentrations in breath samples from healthy, Coombs' test-negative neonates (n = 12) and hemolytic, Coombs'-positive (plasma bilirubin >130 mg/L) neonates (n = 9), the latter had significantly (P
GC-CO (r1JL)
Fig. 4. Accuracy of ETCOc instrument for measurements of ETCOc
In breathof neonates (2-8 h Figure 3 (E, F) demonstrates that the CO sensor is also sensitive to H2. This can be an important source of error, depending on the relative sensor sensitivity to H (16) and CO and on the infant's intestinal flora colonization and food intake, both of which affect the concentration of H2 in breath (13, 14) . Environmental, physiological, and biochemical factors can also affect the amount of H2 excreted in the breath, concentrations as high as 170 4dL having been reported for infants (13) . Although the sensor used in the present study was sensitive to H2, we circumvented potential H2 interference by measuring ETCOc in very young infants (2-8 h after birth) before the gut is colonized and when amounts of H2 excretion are close to RA content (<1 dIL) (14, 16) . The sensitivity of EC-CO sensors to H2 appears to be quite variable between sensors of the same model and between sensors from different manufacturers.
For measuring ETCOc, the response of a sensor to H2 should be 0.00 1 of its sensitivity to CO. Preliminary studies (unpublished)
indicate that Model A3MEF CiTicel (City 
